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Presynaptic CaMKII Is Necessary
for Synaptic Plasticity in Cultured
Hippocampal Neurons
process that makes CaMKII independent of Ca2/CaM
and makes it constitutively active. The unique holoen-
zyme configuration allows for intersubunit phosphory-
lation (Mukherji and Soderling, 1994), which makes
CaMKII an excellent sensor of intracellular Ca2 concen-
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3 Dementia Research Center tration and oscillations (De Koninck and Schulman,
1998).Nathan Kline Institute for Psychiatric Research
Orangeburg, New York 10962 In addition to its high abundance in the postsynaptic
density, CaMKII is also associated with presynaptic neu-
rotransmitter vesicles at the synapse (Benfenati et al.,
1992, 1996). CaMKII has been implicated in many neu-Summary
ronal functions, including synaptic plasticity (Malinow
et al., 1989; Mayford et al., 1995; Silva et al., 1992a,Calcium/calmodulin-dependent protein kinase II
1992b), stabilization of dendritic arbor structure (Wu and(CaMKII) is a multifunctional enzyme that is very criti-
Cline, 1998), and density of glutamatergic synapsescal for synaptic plasticity and memory formation. Al-
(Rongo and Kaplan, 1999). By using pharmacologicalthough significant progress has been made in under-
manipulations (Malinow et al., 1989) and genetic ap-standing the role of postsynaptic CaMKII in synaptic
proaches, including -CaMKII knockout mice (Silva etplasticity, very little is known about its presynaptic
al., 1992a, 1992b) and knockin CaMKIIT286A mice (Giesefunction during plasticity changes. Here we report
et al., 1998), it has been demonstrated that CaMKII isthat KN-93, a membrane-permeable CaMKII inhibitor,
essential for memory formation and induction of synap-blocked glutamate-induced increases in the frequency
tic plasticity, which involves both pre- and postsynapticof miniature excitatory postsynaptic currents (mEPSCs)
mechanisms (Antonova et al., 2001; Bliss and Collin-and the number of presynaptic functional boutons in
gridge, 1993; Carroll et al., 1999; Kullmann and Siegel-cultured hippocampal pyramidal neurons. In addition,
baum, 1995; Lissin et al., 1999; Luscher et al., 2000;presynaptic injection of the membrane-impermeable
Shi et al., 1999). Although different mechanisms wereCaMKII inhibitor peptide 281-309 blocked synaptic
suggested for the action of CaMKII at the postsynapticplasticity induced by tetanus, glutamate, or NO/cGMP
site (Lisman et al., 2002; Malinow et al., 1989; Lledo etpathway activation as expressed by long-lasting in-
al., 1995), there are no studies on the role of presynapticcreases in EPSC amplitude and functional presynaptic
CaMKII in synaptic plasticity. The lack of a direct accessboutons. Presynaptic injection of CaMKII itself cou-
to the presynaptic terminal in hippocampal slices orpled with weak tetanus produced an immediate and
in vivo preparations has limited advances in the analysislong-lasting enhancement of EPSC amplitude. Thus,
of the presynaptic components of synaptic plasticity.the present results conclusively prove that presynaptic
Cultured hippocampal neurons permit direct visualiza-CaMKII is essential for synaptic plasticity in cultured
tion of both presynaptic and postsynaptic neurons andhippocampal neurons.
allow long-term access to cells under controlled condi-
tions. Our studies using neuronal injections of CaMKIIIntroduction
inhibitor peptides as well as -CaMKII peptide itself
and activity-dependent labeling of presynaptic boutonsCaMKII is a multifunctional serine/threonine holoen-
through FM dyes have revealed that presynaptic CaMKIIzyme that is highly expressed in the hippocampus (2%
is essential for synaptic plasticity in cultured hippocam-of total protein; Erondu and Kennedy, 1985). Neuronal
pal neurons. The present study also demonstrates thatCaMKII is made up of 6 to 12 subunits, primarily the 52
presynaptic CaMKII is necessary for NO/cGMP activa-kDa  isoform and the 60 kDa  isoform (Miller and
tion-induced long-lasting potentiation and the increaseKennedy, 1985). CaMKII is activated by Ca2/calmodulin
in functional boutons in hippocampal neurons. However,(CaM), and the magnitude of activation depends on the
once presynaptic CaMKII has been activated, long-last-Ca2 levels. The C termini of the CaMKII subunits form
ing potentiation does not need NO/cGMP activation.a central globular structure from which the N termini
extend radially (Kanaseki et al., 1991; Kolodziej et al.,
2000). The catalytic site and autoinhibitory domain at Results
the N terminus are bound to each other in basal condi-
tions. The binding of Ca2/CaM releases the autoinhibi- Hippocampal neurons in culture can undergo activity-
dependent plasticity changes with many key featurestion, allowing phosphorylation to take place at Thr286
in  isoform and Thr287 in  isoform (Lai et al., 1986; of long-term potentiation (LTP) in hippocampal slices or
in vivo (Arancio et al., 1995; Bekkers and Stevens, 1990;Miller and Kennedy, 1986; Schworer et al., 1986, 1988;
Thiel et al., 1988). This starts an autophosphorylation Bi and Poo, 1998). Indeed, similar to previous studies
(Antonova et al., 2001; Malgaroli and Tsien, 1992), brief
(30 s) application of glutamate (200 M) in 0 Mg2*Correspondence: oa1@columbia.edu
saline (to allow the opening of NMDA receptor channels)4 Present address: Department of Pathology, Columbia University,
630 West 168th Street, New York, New York 10032. produced a rapid and long-lasting increase in the fre-
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Figure 1. KN-93, a Membrane-Permeable In-
hibitor of CaMKII, Blocks Glutamate-Induced
Increase in mEPSCs Frequency in Cultured
Hippocampal Neurons
(A) Examples of spontaneous mEPSCs before
(Pre) and 1 and 45 min after brief application
of glutamate to a dish containing cultured
hippocampal neurons.
(B) Examples of spontaneous mEPSCs be-
fore (Pre) and 1 and 45 min after brief applica-
tion of glutamate to a dish continuously per-
fused with KN-93.
(C) Average changes in mEPSC frequency fol-
lowing brief application of glutamate (n  11,
filled circle), KN-93 paired with glutamate (n
11, open circles), saline (n  5, filled triangle),
KN-93 alone (n 9, open triangle), and KN-92
paired with glutamate (n  6, open squares).
Brief (30 s) application of glutamate in 0
Mg2 saline (to allow the opening of NMDA
receptor channels) produced a rapid and
long-lasting increase in the frequency of
mEPSCs (p  0.001) with no change in their
amplitude. The glutamate-induced increase
in mEPSC was completely blocked by KN-93
(p  0.001) but not by its inactive analog,
KN-92. Data were normalized to the average
value during the 10 min before glutamate ap-
plication (baseline) in each experiment. There
was a significant overall difference between
the groups [F(3,33)  20.8, p  0.001, two-
way ANOVA with repeated measure] with the
glutamate and KN-92  glutamate groups
significantly different from the saline and
KN-93  glutamate groups.
(D) Average changes in mEPSC frequency following brief application of glutamate (n  13, filled circle), KN-93 perfusion after the application
of glutamate (n  6, open circles), and saline (n  5, filled triangle). Data were normalized to the average value during the 10 min before
glutamate application (baseline) in each experiment. KN-93 perfusion after the glutamate application did not affect the increase in mEPSCs.
The dotted line represents the application of glutamate (200 M) in Mg2-free bath solution, and the thick line represents the duration of
KN-93 perfusion.
quency of mEPSCs (270%  49% of baseline at 45 min depolarize the presynaptic terminal. Repeated applica-
tion of hyperkalemic solution in the absence of dye wasafter glutamate application, p  0.001, two-way ANOVA
with one repeated measure; Figures 1A and 1C; see used to release the fraction of dye that was initially
loaded into synaptic vesicles in order to distinguish syn-Supplemental Results section A at http://www.neuron.
org/cgi/content/full/42/1/129/DC1), with no change in aptic activity-dependent labeling from nonspecific la-
beling. The difference between the image before andtheir amplitude (102%  8% of baseline at 45 min after
glutamate). However, the glutamate-induced increase after destaining provides an index of the number of
active boutons in the presynaptic terminal (Figure 2A).in mEPSC frequency was completely blocked when
KN-93 (5 M), a membrane-permeable CaMKII inhibitor, Similar staining and destaining procedures were used
by Ryan et al. (1993) to measure the activity-dependentwas included in the bath solution (76%  14% of base-
line at 45 min after glutamate application, p  0.001, labeling of presynaptic release sites. Brief (30 s) appli-
cation of glutamate (200 M) in 0 Mg2 saline producedtwo-way ANOVA with one repeated measure, Figures
1A–1C). KN-92, an inactive analog of KN-93 did not have a significant increase in the number of active boutons
(270%  33% increase at 30 min after glutamate appli-any effect on glutamate-induced plasticity in the hippo-
campal pyramidal cells (Figure 1C). KN-93 alone did not cation, p  0.001, one-way ANOVA followed by LSD,
Figures 2B and 2C). Similar to previous experimentsproduce any effect on basal mEPSC frequency (Figure
1C). Application of KN-93 (5 M) soon after glutamate performed with the same KCl stimulation (Ma et al.,
1999), there was no significant change in fluorescenceadministration failed to block the glutamate-induced in-
crease in mEPSC frequency, demonstrating that CaMKII intensity. As previously pointed out, it is possible that
strong KCl stimulation produced maximal labeling of theinhibition does not block expression of glutamate-
induced plasticity (Figure 1D). entire pool of releasable vesicles, and therefore, the
fluorescence intensity of a bouton is not sensitive toTo determine how CaMKII influences the release of
neurotransmitter, we investigated the presynaptic re- changes in the probability of release (Ma et al., 1999).
Perfusion with D-AP5 (40M) completely blocked gluta-lease machinery during glutamate-induced synaptic
plasticity. As a tool, we used 5 M FM 1-43, the cationic mate-induced increase in presynaptic boutons (101%
9% increase at 30 min after glutamate application, p styrylpyridinium dye that gets trapped in the endocy-
tosed vesicles during hyperkalemic bath perfusion to 0.001, one-way ANOVA followed by LSD, Figures 2B
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Figure 2. KN-93 Blocks Glutamate-Induced
Increase in the Number of Active Boutons in
Hippocampal Cultures
(A) Experimental protocol for FM 1-43 stain-
ing and destaining of synaptic vesicles using
hyperkalemic solution. Loading of FM 1-43
was induced by changing the perfusion me-
dium from normal saline solution to hyperka-
lemic solution with 5 M FM 1-43 for 45 s.
The excess dye was washed in normal bath
solution for 10 min with ADVASEP-7 intro-
duced for 60 s in the washing bath solution
at 1 and 6 min of washing. The culture was
then exposed to multiple 15 s applications of
hyperkalemic bath solution (without FM 1-43)
to evoke repeated cycles of exocytosis,
which facilitated the release of the dye from
the vesicles. Two images were taken after
washing and destaining, respectively. The
difference between the images before and
after destaining gave the measure of FM
1-43-stained vesicles. To study glutamate-
induced presynaptic plasticity changes, the
culture was exposed to glutamate (200 M)
in Mg2-free bath solution for 30 s and then
washed out in approximately 1 min. After 30
min of glutamate exposure, the staining and
destaining procedure was repeated. The per-
centage increase in active boutons after glu-
tamate application was calculated.
(B) Examples of activity-dependent FM 1-43
staining before and after glutamate in hippo-
campal cultures. Glutamate produced an in-
crease in the number of presynaptic boutons,
which was blocked by D-AP5 (40 M) and
KN-93 (5 M) perfusion. Scale bar, 10 m.
(C) Percentage increase in the number of pre-
synaptic active boutons 30 min after brief ap-
plication of glutamate in 0 Mg2 (n 6), D-AP5
plus glutamate in 0 Mg2 (n  6), and saline
solution [n  6, F(2,15)  33.9, *p  0.001,
one-way ANOVA followed by LSD].
(D) Percentage increase in the number of pre-
synaptic active boutons 30 min after brief ap-
plication of glutamate in 0 Mg2 (n 6), KN-93
plus glutamate in 0 Mg2 (n  6), KN-92 plus glutamate in 0 Mg2 (n  6), and KN-93 alone (n  5). KN-93 perfusion completely blocked the
glutamate-induced increase in presynaptic boutons [F(3,19)  23.8, *p  0.001, one-way ANOVA followed by LSD].
and 2C), suggesting that glutamate-induced functional cation; Antonova et al., 2001), the large increase in the
number of “active” synapses implies two possibilities:bouton enhancement is NMDA receptor dependent (An-
tonova et al., 2001). However, when KN-93 (5 M) was (1) many boutons were not loaded before glutamate
application, and (2) boutons were unable to release thepresent in the medium, application of glutamate did not
produce any increase in the number of active boutons dye once they had taken it up before glutamate applica-
tion but release it after glutamate application. To solve(126%  16% increase at 30 min after glutamate appli-
cation, p  0.001, one-way ANOVA followed by LSD, this issue, we have conducted analysis on randomly
selected boutons (n  48 from three dishes), which didFigures 2B and 2D). Similar to the experiments on the
spontaneous release of neurotransmitter, KN-93 failed not undergo destaining before glutamate application.
We found that only 4.4% of such boutons were de-to block the glutamate-induced increase in active pre-
synaptic boutons when it was applied after glutamate stained after postglutamate destaining (Figure 3). Similar
data were obtained from 36 boutons that were randomlyapplication (264%  33%, n  4, data not shown). The
inactive KN-93 analog KN-92 (5 M) did not have any chosen from dishes that were not treated with glutamate
(2.8%, data not shown). Thus, the glutamate-inducedeffect on the glutamate-induced increase in presynaptic
boutons (Figure 2D). KN-93 alone had no effect on the increase in the number of active boutons does not corre-
spond to boutons, which are unable to release dye oncebasal number of presynaptic boutons (Figure 2D).
Unless there was morphological growth of new syn- they have taken it up before glutamate application but
release it after glutamate application (Figure 3). More-apses within a few minutes (this is unlikely, provided
the observation that no consistent changes in the mor- over, the cultures were mechanically stable, as demon-
strated by the comparison of images taken just after FMphology of cultured hippocampal neurons were ob-
served during the first 30 min following glutamate appli- loading and images at 5 and 90 min during washing
Neuron
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Figure 3. Glutamate Application Increases the Number of Active Presynaptic Boutons by Recruiting Preexisting Silent Boutons
Confocal images (A–D) taken without applying any threshold before and after glutamate application. Boutons marked by yellow arrows
appeared before and after glutamate application. Boutons marked by white arrows were visible only after glutamate application. This clearly
demonstrates that, after glutamate application, many boutons appeared at places where there was no staining at all. The absence of
subthreshold staining before glutamate application in areas showing new boutons after glutamate application clearly demonstrates that most
of the new boutons appeared at places where there was no staining at all, possibly by recruiting preexisting silent synapses. Blue arrows
point toward activity-independent staining that could not be removed during multiple applications of the hyperkalemic bath solution. Analysis
from 14 dishes revealed that 26%  4.1% of the stained boutons failed to subsequently release the dye. Scale bar, 5 m.
(Supplemental Figure S1 at http://www.neuron.org/cgi/ ber of active boutons (264%  10%, this value was
averaged by pooling data from eight dishes that hadcontent/full/42/1/129/DC1). Therefore, it was possible
to do a retrospective analysis of presynaptic terminals received 10 or 50 M CaMKII inhibitor peptide given
that there was no difference between these two condi-in order to understand the preinduction behavior. The
images were analyzed in such a way that the number tions, p  0.001, one-way ANOVA followed by LSD,
Figures 4B and 4C). These results clearly demonstrateof boutons were determined based on regions of interest
randomly chosen from postinduction images without that inhibiting presynaptic CaMKII blocks the glutamate-
induced increase in the number of presynaptic activeapplying any threshold. This analysis revealed that
97.2% of the observed increase (262%  21%, n  5) boutons. As an additional control, in another set of ex-
periments we have injected a heat-inactivated form ofin the number of boutons accounted for the detection
of new puncta appearing at locations where there were the CaMKII inhibitor peptide along with rEGFP into neu-
rons. The heat-inactivated CaMKII inhibitor (10 and 50no puncta at all before glutamate (Figure 3). These re-
sults suggest that glutamate application in 0 Mg2 M) did not have any effect on the glutamate-induced
increase in presynaptic boutons as shown by the in-causes an increase in active boutons, possibly by re-
cruiting preexisting silent synapses. crease in the number of yellow puncta along with red
puncta after glutamate application (253%  53% andSince KN-93 is membrane permeable, its site of action
could be in either the presynaptic or postsynaptic cell. 255%  72%, respectively, for 10 (n  4) and 50 M
(n  4) concentrations, p  0.01, one-way ANOVA fol-To distinguish between these possibilities, we injected
the CaMKII inhibitor peptide 281-309 at three different lowed by LSD, Figures 4B and 4C).
It has been previously demonstrated that long-lastingconcentrations (1, 10, and 50 M) along with recombi-
nant enhanced green fluorescent protein (rEGFP) into a enhancement of EPSC amplitude can be induced reli-
ably in monosynaptically connected pairs of culturedpyramidal-shaped neuron in culture and then used the
vesicle cycling technique with the styrylpyridinium dye hippocampal neurons by high-frequency trains of depo-
larization (tetani) of the presynaptic neuron during tem-FM 4-64 (10 M). By doing so, we could selectively
examine the active boutons in the cell that received porary removal of Mg2 from the bath (Arancio et al.,
1995, 1996). The hippocampal cell culture system pro-CaMKII inhibitor (identified by yellow puncta because
of the overlapping of FM 4-64 with rEGFP in green). Brief vides a good model for studying presynaptic mecha-
nisms because LTP can be induced while deliveringapplication of glutamate did not increase the number of
yellow puncta in dishes where cells were injected with drugs intracellularly to either the pre- or postsynaptic
cell (Figure 5A) (Arancio et al., 1995, 1996). Therefore,10 or 50 M CaMKII inhibitor peptide (92%  13% [n 
4] and 106%  15% [n  4], respectively, for 10 or to examine the role of presynaptic CaMKII in evoked
neurotransmitter release, we have studied the potentia-50 M concentrations at 30 min after glutamate) but
produced a significant increase in yellow puncta in tion of synaptic transmission between pairs of hippo-
campal neurons in culture. To induce potentiation, high-dishes where cells were injected with 1M CaMKII inhib-
itor peptide (239%  30% at 30 min after glutamate, frequency stimulation (3 tetani of 50 Hz for 2 s at 20 s
intervals during brief perfusion with a Mg2-free medium)p  0.05, one-way ANOVA followed by LSD, Figures 4B
and 4C). By contrast, terminals which were not injected was given to a presynaptic neuron after recording a
baseline for 10 min. This procedure produced an imme-with CaMKII inhibitor along with rEGFP and therefore
appeared as red puncta showed an increase in the num- diate potentiation (145%  12% and 135%  7%, re-
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Figure 4. Injection of CaMKII Inhibitor 281-
309, a Membrane-Impermeable Compound,
into Pyramid-Shaped Neurons Blocks Gluta-
mate-Induced Increase in Number of Active
Boutons
(A) An example of a neuron injected with
CaMKII inhibitor 281-309 along with rEGFP.
Scale bar, 20 m.
(B) Examples of activity-dependent FM 4-64
staining before and after glutamate applica-
tion in hippocampal neurons injected with
CaMKII inhibitor peptide 281-309 (50 M, up-
per panels) and inactivated CaMKII inhibitor
peptide 281-309 (50 M, lower panels) along
with rEGFP. Application of glutamate did not
increase the number of yellow puncta (formed
by FM 4-64-loaded presynaptic terminals in
CaMKII inhibitor/rEGFP-injected cells). The
terminals, which were not injected with
CaMKII inhibitor along with rEGFP in the
same field, are labeled by FM 4-64 only (red
puncta), which served as an internal control.
The number of red puncta in the same field
was increased (n  8, p  0.001). The heat-
inactivated CaMKII inhibitor did not have any
effect on the glutamate-induced increase in
presynaptic boutons, as shown by the in-
crease in yellow puncta along with the in-
crease in red puncta after glutamate applica-
tion (n  4, p  0.05). Scale bar, 5 m.
(C) Percentage increase in the number of pre-
synaptic active boutons in neurons that re-
ceived brief application of glutamate in 0
Mg2 alone (glutamate, n  6), neurons in-
jected with CaMKII inhibitor peptide 281-309
(1, 10, and 50 M) along with rEGFP paired
with glutamate in 0 Mg2 (n  4 for each
group), neurons that received inactivated
CaMKII inhibitor peptide 281-309 (10 and 50
M) along with rEGFP paired with glutamate
in 0 Mg2 (n 4 for each group), and neurons
in the same field as CaMKII inhibitor peptide
281-309 along with rEGFP paired with gluta-
mate in 0 Mg2 that were not injected with
the inhibitor (glutamate-internal control, n 
8). There was a significant overall difference between groups [F(6,27)  5.8, p  0.001, one-way ANOVA followed by LSD], with higher
concentrations (10 and 50 M) of CaMKII inhibitor peptide significantly blocking the glutamate-induced increase in presynaptic boutons.
Presynaptic injection of 1 M CaMKII inhibitor peptide 281-309 or inactivated CaMKII inhibitor peptide did not block the glutamate-induced
increase in presynaptic boutons.
spectively, at 1 and 30 min after the tetanus, p  0.05, larly, injection of 50 M CaMKII inhibitor into the presyn-
aptic neuron completely blocked the enhancement oftwo-way ANOVA followed by LSD, Figures 5A, 5B1, and
5C–5F). Potentiation was stable after the tetani, and EPSC amplitude (98  7% and 71  8% respectively at
1 and 30 min after the tetanus, p  0.001, two-wayANOVA with one repeated measure showed statistical
significance at each point. In interleaved experiments, ANOVA with one repeated measure, Figures 5A, 5B2,
and 5E and Supplemental Results section D), suggestingwe injected 1, 10, and 50 M CaMKII inhibitor 281-309
into the presynaptic neuron and applied tetani as before. that presynaptic CaMKII is necessary for potentiation
in hippocampal neurons in culture. In another series ofInjection of CaMKII inhibitor 281-309 at a concentration
of 1 M did not show any significant effect on the teta- experiments, we injected CaMKII inhibitor peptide (1,
10, and 50M) into the postsynaptic neuron and inducednus-induced enhancement of EPSC amplitude (137%
7% and 134%  14%, respectively, at 1 and 30 min potentiation by applying high-frequency stimulation in
0 Mg2. Similar to the presynaptic neuron, postsynapticafter the tetanus, Figure 5C and Supplemental Results
section B at http://www.neuron.org/cgi/content/full/42/ injection of 1 M CaMKII inhibitor peptide did not affect
tetanus-induced enhancement of EPSC amplitude1/129/DC1). Injection of 10 M CaMKII inhibitor into the
presynaptic neuron completely blocked the enhance- (137.6%  6.3% and 137.2%  6.2%, respectively, at
1 and 30 min after the tetanus, p 0.05, two-way ANOVAment of EPSC amplitude (95.6%  2.4% and 90% 
6.3%, respectively, at 1 and 30 min after the tetanus, with one repeated measure, Figures 5A and 5C). How-
ever, a higher concentration of postsynaptic CaMKIIp 0.001, two-way ANOVA with one repeated measure,
Figures 5A and 5D and Supplemental Results C). Simi- inhibitor peptide blocked potentiation (10 M: 97% 
Neuron
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Figure 5. Long-Term Enhancement of EPSC Amplitude in Cultured Hippocampal Neurons Is Blocked by Presynaptic Injection of CaMKII
Inhibitor Peptide 281-309 and Bath Perfusion of KN-93
(A) Experimental design.
(B1) Example of a long-lasting increase in EPSC amplitude by tetanic stimulation (three tetani of 50 Hz for 2 s at 20 s intervals during brief
perfusion with a Mg2-free medium) of the presynaptic neuron. EPSCs were produced in the postsynaptic neuron by step depolarization that
elicited an inward current in the presynaptic neuron every 60 s. The current in the presynaptic neuron has had leakage subtracted. Sample
traces are shown before (Pre) and 5 and 25 min after tetanic stimulation of the presynaptic neuron. Five successive traces are superimposed
at each time point.
(B2) Example of block of potentiation by presynaptic injection of CaMKII inhibitor peptide 281-309 (50 M).
(C) Average potentiation by tetanic stimulation alone (filled circles, n  7), tetanic stimulation paired with 1 M CaMKII inhibitor peptide 281-
309 injected into either pre- (open circles, n  5) or postsynaptic neuron (filled triangle, n  5). Data were normalized to the average value
during the 10 min before the tetanus (baseline) in each experiment. There was a significant overall difference between groups [F(3,18)  31.9,
p  0.001, two-way ANOVA with repeated measures], with the group that received the tetani significantly different from the control group
that did not receive tetani.
(D) Average potentiation by tetanic stimulation alone (filled circles, n  6), tetanic stimulation paired with 10 M CaMKII inhibitor peptide 281-
309 into either pre- (open circles, n  6, p  0.001) or postsynaptic neurons (filled triangle, n  5, p  0.001). Data were normalized to the
average value during the 10 min before the tetanus (baseline) in each experiment. There was a significant overall difference between groups
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2% and 83% 4.5%, respectively, at 1 and 30 min after
the tetanus, Figures 5A and 5D; 50 M: 103%  9%
and 83%  9%, respectively, at 1 and 30 min after the
tetanus, Figures 5A and 5E; p  0.001 for both concen-
trations, two-way ANOVA with one repeated measure).
These results are consistent with previous experiments
in which the CaMKII inhibitor peptide was injected into
postsynaptic neurons in hippocampal slices (Malinow
et al., 1989). Thus, both pre- and postsynaptic CaMKII
are necessary for the induction of synaptic plasticity. As
control experiments, we also injected heat-inactivated
CaMKII inhibitor peptide (10 and 50 M) into either the
pre- or postsynaptic neurons. Inactivated CaMKII inhibi-
tor did not have any effect on the long-lasting enhance-
ment of EPSC amplitude produced by tetanic stimula-
tion (two-way ANOVA with one repeated measure,
Figures 5D and 5E).
As an additional control of the effect of CaMKII inhibi-
tion on synaptic plasticity, we also tested whether appli-
cation of the membrane-permeable CaMKII inhibitor
KN-93 was capable of blocking tetanus-induced en-
hancement of EPSC amplitude. Tetanus-induced in-
crease in EPSC amplitude was completely blocked
when KN-93 (5 M) was included in the bath solution
(95%  6% of baseline at 30 min after tetani, p  0.001,
two-way ANOVA with one repeated measure, Figure 5F
and Supplemental Results section E at http://www.
neuron.org/cgi/content/full/42/1/129/DC1). KN-92
Figure 6. Long-Term Enhancement of EPSC Amplitude by Presyn-(n  4), an inactive analog of KN-93, did not have any
aptic Injection of CaMKII  Subunit Paired with Weak Tetanus ineffect on tetanus-induced plasticity in the hippocampal
cultured Hippocampal Neuronspyramidal cells (Figure 5F). KN-93 alone did not produce
(A) Experimental design.any effect on basal EPSC amplitude (n 3). When KN-93
(B) Average potentiation by presynaptic injection of CaMKII  sub-
(5 M, n 5) was applied soon after the tetanus, it failed unit paired with weak tetanus increased EPSC amplitude [open
to block the enhancement of EPSC amplitude (Figure circles, n  6, F(3,18)  18.3, p  0.001, two-way ANOVA with
5F), confirming that CaMKII inhibition can block only repeated measures]. The effect of CaMKII injection paired with weak
tetanus was NMDA receptor independent, as perfusion of D-AP5induction, not expression, of synaptic plasticity in cul-
(40 M) did not affect potentiation. Neither CaMKII injection alonetured hippocampal neurons.
(open triangles, n  7) nor weak tetanus itself (filled circles, n The results of the experiments with inhibitors suggest
4) produced an increase in EPSC amplitude. The heat-inactivated
that presynaptic CaMKII is necessary for long-lasting CaMKII (filled triangle, n  5) did not potentiate EPSCs when paired
potentiation in cultured hippocampal pyramidal cells. with weak tetanus.
To test whether presynaptic injection of the CaMKII 
subunit itself can produce potentiation of EPSC ampli-
tude, we injected CaMKII  subunit (2500 IU, rat, recom-  subunit into presynaptic neuron paired with a weak
tetanus of 50 Hz for 0.5 s (paired training) producedbinant, Figure 6A) into the presynaptic neuron and re-
corded the EPSC amplitude over 40 min. Presynaptic an immediate and long-lasting increase in the EPSC
amplitude (125%  8% and 130%  11%, respectively,injection alone did not produce any significant change
in EPSC amplitude (81%  7%), but injection of CaMKII at 1 and 30 min after the tetanus, p  0.001, two-way
[F(5,26)  31.5, p  0.001, two-way ANOVA with repeated measures], with the tetanized group significantly different from the control group
that did not receive tetani as well as the groups with pre- and postsynaptic injections of 10 M CaMKII inhibitor 281-309 but not the groups
with inactivated peptide (filled and open squares, respectively, n  5).
(E) Average potentiation by tetanic stimulation alone (filled circles, n  9), tetanic stimulation paired with 50 M CaMKII inhibitor peptide 281-
309 into pre- (open circles, n  7, p  0.001) or postsynaptic neuron (filled triangle, n  5, p  0.001). Data were normalized to the average
value during the 10 min before the tetanus (baseline) in each experiment. There was a significant overall difference between groups [F(5,32) 
43.7, p  0.001, two-way ANOVA with repeated measures], with the group that received tetani significantly different from the control group
that did not receive tetani and the groups with pre- and postsynaptic injections of 50 M CaMKII inhibitor 281-309 but not the groups with
inactivated peptide (filled and open squares, respectively, n  6).
(F) Average potentiation by tetanic stimulation alone (filled circles, n  5), tetanic stimulation paired with bath perfusion of KN-93 before tetani
(filled triangles, n  5, p  0.001), and bath perfusion of KN-93 after tetani (open triangle, n  5, p  0.001). Perfusion of KN-92 before tetani
did not have any effect on tetanus-induced potentiation of EPSCs (open squares, respectively, n  4). Data were normalized to the average
value during the 10 min before the tetanus (baseline) in each experiment. There was a significant overall difference between groups [F(4,19) 
55.4, p  0.001, two-way ANOVA with repeated measures], with the group that received tetanic stimulation significantly different from the
control group that did not receive tetani and the group that was perfused with of KN-93 (5 M). Bath perfusion of KN-93 after the induction
of potentiation did not block the long-lasting enhancement of EPSCs.
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Next, we investigated whether inhibition of presynap-
tic CaMKII could block long-lasting potentiation induced
by NO/cGMP/cGK pathway activation. We reproduced
previous findings showing that long-lasting potentiation
can be induced by brief application of NO donor or cGK
agonists when paired with weak tetanus (Arancio et al.,
1995, 1996). We used 2-(N,N-Diethylamino)-diazeno-
late-2-oxide diethylammonium salt (3 M, DEA/NO) as
NO donor. Brief perfusion of DEA/NO alone for 3 min
did not produce any change in EPSC amplitude in paired
hippocampal neurons. However, in the group where
weak tetanus was delivered together with DEA/NO,
there was a significant long-lasting increase in EPSC
amplitude (126.6%  9.4% and 131%  14%, respec-
tively, at 1 and 30 min after the weak tetanus, two-
way ANOVA with one repeated measure, Figure 8A).
Figure 7. Effect of Inhibitors of Nitric Oxide Synthase and cGK on Presynaptic injection of the CaMKII inhibitor peptide (10
Long-Term Enhancement of EPSC Amplitude by Presynaptic Injec- M) but not its heat-inactivated analog blocked long-
tion of CaMKII  Subunit Paired with Weak Tetanus in Cultured
lasting potentiation induced by DEA/NO paired withHippocampal Neurons
weak tetanus (p  0.001, two-way ANOVA with oneBath perfusion of the nitric oxide synthase inhibitor L-NMA (100 M,
repeated measure, Figure 8A). In addition, when we per-filled triangle) or the cGK inhibitor KT5823 (2 M, open triangle)
formed vesicle cycling experiments, we found that adid not affect the enhancement of EPSC amplitude by presynaptic
injection of CaMKII  subunit paired with weak tetanus [F(3,17)  brief application of DEA/NO for 3 min increased the
6.4, p  0.01, two-way ANOVA with repeated measures]. number of active presynaptic boutons (186.8%  21%
at 30 min after treatment with the NO donor, n  4). In
contrast, the NO donor did not increase the number ofANOVA with one repeated measure, Figure 6B). The
yellow puncta in dishes where cells were injected with 10effect of CaMKII injection paired with weak tetanus was
M CaMKII inhibitor peptide along with rEGFP (88.5%NMDA receptor independent, as perfusion of D-AP5 (40
9.4%, at 30 min, n  4; p  0.001, one-way ANOVAM) did not affect the cells’ ability to undergo potentia-
followed by LSD, Figure 8B), whereas there was a signifi-tion. Weak tetanus alone did not produce an increase
cant increase in yellow puncta in dishes where cellsin EPSC amplitude (83% 4%) (Figure 6B). Heat-inacti-
were injected with 10 M inactivated CaMKII inhibitorvated CaMKII  subunit did not potentiate EPSCs when
peptide along with rEGFP (160.5%  17.7% at 30 min,paired with weak tetanus (87% 4%, Figure 6B). These
p  0.01, one-way ANOVA followed by LSD, Figure 8B).results suggest that presynaptic CaMKII is sufficient to
When we tested the effect of the cGK agonist 8-pCPT-produce potentiation, further supporting the presynap-
cGMP on EPSC amplitude, we found that 1 M agonisttic role of CaMKII in synaptic plasticity.
alone did not produce any effect on the baseline EPSCPrevious studies on cultured hippocampal neurons
amplitude. However, 8-pCPT-cGMP paired with weakhave demonstrated that, during induction of long-lasting
tetanus produced significant enhancement of EPSC am-potentiation, a retrograde messenger, NO, is synthe-
plitude as shown by a two-way ANOVA with repeatedsized in the postsynaptic neuron by NO-synthase and
measures (122.6%  7% and 142.4% 13.8%, respec-diffuses to the presynaptic terminals where it produces
tively, at 1 and 30 min after the weak tetanus, p 0.001,a long-lasting increase in neurotransmitter release
Figure 8C). Presynaptic injection of the CaMKII inhibitor(O’Dell et al., 1991; Arancio et al., 1996). NO appears to
peptide (10 M) but not its heat-inactivated analogact by stimulating soluble guanylyl cyclase leading to
blocked long-lasting potentiation induced by 8-pCPT-the production of cGMP, and injection of cGMP into
cGMP paired with weak tetanus (p  0.001, two-waypresynaptic neuron produces activity-dependent long-
ANOVA with one repeated measure, Figure 8C). Similarlasting potentiation (Arancio et al., 1995). cGMP, in turn,
to the effect of DEA/NO, application of 8-pCPT-cGMPmay activate cGMP-dependent protein kinase (cGK) to
(1 M) for 1 min increased the number of active presyn-produce LTP (Arancio et al., 2001). In order to investigate
aptic boutons (178.5% 19% at 30 min, n 4, p 0.01,whether CaMKII is involved in the long-lasting potentia-
one-way ANOVA followed by LSD, Figure 8D). However,tion due to the activation of the NO/cGMP/cGK pathway
application of 8-pCPT-cGMP did not increase the num-in cultured hippocampal neurons, we tested the effect
ber of yellow puncta in dishes where cells were injectedof the NO synthase inhibitor L-NMA (100M, NW-methyl-
with 10 M CaMKII inhibitor peptide along with rEGFPL-arginine) and the highly-specific cGK inhibitor KT5823
(93.3%  7.4% at 30 min, n  4). In contrast, there was(2 M) on long-lasting potentiation induced by presyn-
a significant increase in yellow puncta in dishes whereaptic injection of the CaMKII  subunit paired with a
cells were injected with 10M inactivated CaMKII inhibi-weak tetanus (Figure 7). Perfusion of either L-NMA or
tor peptide along with rEGFP (162.8%  15.4% at 30KT5823 did not affect the potentiation induced by pre-
min, p  0.05, one-way ANOVA followed by LSD, Figuresynaptic injection of the CaMKII  subunit paired with
8D). These results not only suggest that CaMKII is in-weak tetanus (two-way ANOVA with one repeated mea-
volved in NO/cGMP/cGK-induced potentiation but alsosure, Figure 7). These results demonstrate that presyn-
that CaMKII acts at the downstream level of the NO/aptic CaMKII-induced long-lasting potentiation does not
need NO production or cGK activation. cGMP/cGK pathway.
Presynaptic CaMKII and Synaptic Plasticity
137
Figure 8. Role of CaMKII in Synaptic Plastic-
ity Mediated by NO/cGMP/cGK Pathway
(A) Effect of presynaptic injection of CaMKII
inhibitor 281-309 (10 M) on the long-lasting
enhancement of EPSC amplitude produced
by brief perfusion of DEA/NO paired with
weak tetanus. Brief perfusion of DEA/NO
(3 M) alone for 3 min did not produce any
change in EPSC amplitude in paired hippo-
campal neurons (filled circle, n 6). However,
in the group where weak tetanus was deliv-
ered together with DEA/NO, there was a sig-
nificant long-lasting increase in EPSC ampli-
tude (open circle, n 5). Presynaptic injection
of CaMKII inhibitor peptide (10 M, filled tri-
angle, n  6) but not its heat-inactivated ana-
log (open triangle, n 5) blocked long-lasting
potentiation induced by DEA/NO paired with
weak tetanus [F(3,18)  23.3, p  0.001, two-
way ANOVA with repeated measures].
(B) Effect of presynaptic injection of CaMKII
inhibitor 281-309 (10 M) on the DEA/
NO-induced increase in the number of pre-
synaptic boutons in cultured hippocampal
neurons. Perfusion of DEA/NO (3 M, n 
4) for 3 min increased the number of active
presynaptic boutons. This effect was blocked
by presynaptic injection of the CaMKII inhibi-
tor 281-309 (10 M, n  4) along with rEGFP
but not by the heat-inactivated peptide along
with rEGFP [n  4, F(3,12)  7.5, p  0.01,
one-way ANOVA followed by LSD].
(C) Effect of presynaptic injection of the
CaMKII inhibitor 281-309 (10M) on the long-
lasting enhancement of EPSC amplitude pro-
duced by brief application of 8-pCPT-cGMP
paired with weak tetanus. Brief application of
8-pCPT-cGMP (1 M) alone for 1 min did not
produce any change in EPSC amplitude in paired hippocampal neurons (filled circle, n 5). However, in the group where weak tetanus was
delivered together with 8-pCPT-cGMP, there was a significant long-lasting increase in EPSC amplitude (open circle, n  5). Presynaptic
injection of the CaMKII inhibitor peptide (10 M, filled triangle, n  5) but not its heat-inactivated analog (open triangle, n  5) blocked long-
lasting potentiation induced by 8-pCPT-cGMP paired with weak tetanus [F(3,16)  17.9, p  0.001, two-way ANOVA with repeated measures].
(D) Effect of presynaptic injection the CaMKII inhibitor 281-309 (10 M) on the 8-pCPT-cGMP-induced increase in the number of presynaptic
boutons in cultured hippocampal neurons. Perfusion of 8-pCPT-cGMP (1 M, n  4) for 1 min increased the number of active presynaptic
boutons. This effect was blocked by presynaptic injection of the CaMKII inhibitor 281-309 (10 M, n  4) along with rEGFP but not by the
heat-inactivated peptide along with rEGFP [n  4, F(3,12)  7.7, p  0.01, one-way ANOVA followed by LSD].
Discussion 1993; Nayak et al., 1996). This model is supported by
recent studies demonstrating that synapsin I dispersion
after its phosphorylation controls synaptic vesicle mobi-Here we report several lines of evidence indicating that
presynaptic CaMKII activation is necessary for inducing lization (Chi et al., 2001, 2003). Moreover, Ohyama et al.
(2002) have recently demonstrated that autophosphory-synaptic plasticity in cultured hippocampal neurons. Ap-
plication of glutamate or high-frequency stimulation of lated CaMKII binds to synthaxin and regulates exo-
cytosis.the presynaptic neuron should sharply increase auto-
phosphorylation of presynaptic CaMKII leading to in- Consistent with the previous study of Ma et al. (1999),
our study demonstrated a glutamate receptor-depen-creased release of neurotransmitters. Similar to the work
of Ma et al. (1999), which demonstrated an increase of dent increase in the number of active presynaptic bou-
tons. However, a previous study on hippocampal slicesthe active presynaptic boutons following application of
cAMP analog, it is highly likely that presynaptic CaMKII did not show an increase in the number of presynaptic
boutons (Zakharenko et al., 2001). As pointed out byactivation is involved in the conversion of preexisting but
silent presynaptic terminals to functional ones during Zakharenko et al. (2001), it is possible that the stimula-
tion protocol in slices was not strong enough to produceglutamate-induced plasticity. Recently, Antonova et al.
(2001) demonstrated on hippocampal cultures that glu- long-term potentiation with similar characteristics as
those produced in cell cultures. In addition, the develop-tamate application in 0 Mg2 induces clustering of the
presynaptic proteins synaptophysin and synapsin I, ing nature of the neuronal culture, the damage of presyn-
aptic terminals during slice preparation, high noise duesuggesting the conversion of “silent” presynaptic termi-
nals to functional ones. A model was described earlier to background staining, a totally different network and
synapse pattern, and the likely requirement of high-stim-in which there was persistent phosphorylation of synap-
sin I at its CaMKII sites during LTP (Greengard et al., ulation protocols in slices might have contributed to the
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difference between slices and cultures. Nonetheless, CAMKII might serve as a common molecular target for
the effect of CaMKII that we report here, at the very Ca2 that enters the presynaptic terminal during the
least, represents a potentially important mechanism for weak tetanus and the NO/cGMP/cGK cascade.
regulating the strength of the synaptic connection. There has been a limited number of studies on the
We have found that both 10 and 50 M but not 1 M role of CaMKII in neurotransmitter release. Studies on
CaMKII inhibitor peptide was effective in blocking both synaptosomes and squid giant synapses have demon-
tetanus-induced enhancement of EPSC amplitude and strated that presynaptic injection of CaMKII increases
glutamate-induced increase in presynaptic active bou- neurotransmitter release (Lin et al., 1990; Nichols et al.,
ton number. Similar concentrations have been success- 1990). Consistent with these findings, a recent study has
fully used on rat cerebellar granule cells (Carlier et al., suggested that homosynaptic potentiation at Aplysia
2000) and sensory motor neurons of Aplysia (Jin and sensory motor synapses requires activation of both pre-
Hawkins, 2003), in which 75 and 300M CaMKII inhibitor and postsynaptic CaMKII (Jin and Hawkins, 2003). In
281-309, respectively, were used to block CaMKII. contrast, a recent study in which the dominant  isoform
These findings are consistent with the observation that of CaMKII was specifically deleted from the presynaptic
the IC50 of CaMKII inhibitor peptide assayed using par- side of the CA3-CA1 hippocampal synapse in mice sug-
tially autophosphorylated CaMKII is 1–4 M (Kelly et gested that -CaMKII serves as a negative activity-
al., 1988; Rich et al., 1989). In contrast, the IC50 of CaMKII dependent regulator of neurotransmitter release at hip-
inhibitor 281-309 for blocking Ca2/CaM activation in a pocampal synapses (Hinds et al., 2003). It is not clear
controlled kinase assay using native CaMKII is 80 nM whether such a disparity in the results is due to method-
(Colbran et al., 1989). Given that the inhibition by CaMKII ological differences or differences in the neurotransmit-
inhibitor 281-309 is relieved by excess of Ca2 and CaM ter release mechanism between different systems.
(Colbran et al., 1988; Rich et al., 1989), our findings There is recent evidence suggesting that-CaMKII dom-
suggest that the levels of Ca2 and CaM in the hippo- inates over -CaMKII during increased synaptic activity
campal cultured cells are relatively high and/or that (Thiagarajan et al., 2002) and that these isoforms play
CaMKII in cultured hippocampal neurons is partially au- different roles in neuronal plasticity, with-CaMKII regu-
tophosphorylated. Indeed, it has been shown that lating synaptic strength as well as the remodeling of
CaMKII is partially autophosphorylated in hippocampal presynaptic input (Fink et al., 2003; Pratt et al., 2003)
slice cultures (Molloy and Kennedy, 1991) as well as and -CaMKII controlling the dendritic morphology and
hippocampal slices (Ocorr and Schulman, 1991) and number of synapses (Fink et al., 2003). A recent study
synaptosomes (Gorelick et al., 1988) during basal condi- using hippocampal slice cultures has demonstrated that
tions, suggesting that considerable “basal” autonomous CaMKII activation is necessary for activity-dependent
CaMKII activity may exist in different preparations, in- filopodia growth and spine formation (Jourdain et al.,
cluding the cultured hippocampal system. 2003). While these studies conclusively demonstrate the
Activation of CaMKII might involve multiple mecha- role of presynaptic CaMKII in neuronal plasticity, there
nisms such as retrograde signaling and/or increased were no studies addressing the specific role of presyn-
Ca2 entry into the presynaptic terminal (Arancio et al., aptic CaMKII in synaptic plasticity. The present study
1996; Dietrich et al., 2003). The observation that long- strongly indicates that activation of presynaptic CaMKII
lasting potentiation could be produced by CaMKII is necessary for induction of synaptic plasticity in cul-
paired with weak tetanus in the presence of NO synthase tured hippocampal neurons. Being critical in both pre-
or cGK inhibitors suggests that NO synthesis or cGK and postsynaptic mechanisms, CaMKII plays a unique
activation was not necessary for this effect to occur. On role in the long-lasting potentiation of synaptic efficacy,
the other hand, the inhibitory effect of the presynaptic which is most likely the basis of learning and memory.
injection of CaMKII inhibitor peptide on long-lasting en-
hancement of the evoked responses or the increase in
Experimental Procedures
active presynaptic bouton number induced by applica-
tion of different components of the NO/cGMP/cGK path- Cell Cultures
way (Arancio et al., 1995, 1996) suggests that CaMKII Primary cultures were prepared from 1-day-old B6SJLF1/J mouse
pups as described in the Supplemental Data at http://www.is essential for plasticity induced through this pathway.
neuron.org/cgi/content/full/42/1/129/DC1 (Arancio et al., 1995).Consistent with these findings, it has been demon-
strated that NO regulates the expression of -CaMKII in
Drug Treatmentsa cGK-dependent manner (Johnston and Morris, 1995).
KN-93 (Calbiochem, CA), KN-92 (Calbiochem), KT5823 (Calbio-Thus, the present study suggests that CaMKII is a down-
chem), 8-pCPT-cGMP (Biolog Life, Germany), and L-NMA (Sigma,stream target of the NO/cGMP/cGK pathway. Interest-
MO) were dissolved in the bath solution. DEA/NO (Alexis, UK) was
ingly, the effect by presynaptic injection of CaMKII is stored for 24 hr in alkaline solution (0.01 M NaOH) and diluted imme-
activity dependent, because it occurs only if paired with diately before using it. CaMKII 281-309 inhibitor peptide (Calbio-
weak tetanus of the presynaptic neuron. Similar findings chem), CaMKII  subunit peptide (Calbiochem), and rEGFP (BD Bio-
were observed with NO- and cGK-dependent plasticity sciences, CA) were dissolved in the electrode solution. CaMKII
inhibitor peptide was inactivated by heating for 10 min at 100	C in(Arancio et al., 1996, 2001). Activity dependence could
a water bath, and inactivation was confirmed by kinase activity assaybe a way of ensuring that only the pathways that are
(Rich et al., 1989). In brief, the phosphorylation reaction mixtureactive are potentiated, serving as a temporal associative
contained 50 mM HEPES, 10 mM magnesium acetate, 0.1 mM
mechanism that restricts potentiation to presynaptic fi- [
-32P]ATP, 20 M syntide-2, 1 mM CaCl2, and 100 g/ml CaM.
bers that are active at about the same time as the post- Assays were initiated by the addition of PSD kinase. Phosphoryla-
synaptic cells. Given all these findings, an attractive tion of syntide-2 was measured by spotting 15 l aliquots onto
phosphocellulose paper. In the electrophysiology experiments,hypothesis that would be interesting to test is whether
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